1.. Introduction {#sec1}
================

Major depressive disorder (MDD) represents a major social problem, with an estimated lifetime prevalence rate in the USA of 16.6% \[[@r1]\]; thus, the economic burden of mood disorders, including MDD, is immense.

Currently, both selective serotonin reuptake inhibitors (SSRIs) and serotonin- and noradrenaline reuptake inhibitors (SNRIs) are widely prescribed for the treatment of MDD. While the large majority of individuals (\~70%) with depression exhibit at least some improvement with antidepressant medication, approximately 30% of patients remain resistant to a series of treatments \[[@r2], [@r3]\]. Moreover, for the currently used antidepressants, it takes about 3-6 weeks before significant therapeutic effect is manifested. Therefore, the focus of drug discovery research has recently shifted to non-monoamine-based agents from the currently prescribed monoamine-based antidepressants. Apart from the biogenic amine system, the glutamatergic system has been identified as a particularly important target to develop new antidepressants \[[@r4], [@r5]\]. Ketamine, which has been shown to exert robust and rapid antidepressant effects, is an important prototype of agents acting through the glutamatergic system \[[@r6]\]; a number of studies have replicated the rapid and sustained efficacy of ketamine in MDD patients, including patients with treatment-resistant depression (TRD) \[[@r7], [@r8]\]. However, a number of profound adverse effects, such as psychotomimetic symptoms, abuse potential, neurotoxicity and cognitive impairment, preclude the routine use of ketamine in daily clinical practice.

In order to develop agents that are as potent and rapidly-acting as ketamine against MDD, but with better safety profiles, intensive investigations are under way to understand the mechanisms underlying the antidepressant effects of ketamine. One of the approaches for clarifying the antidepressant effects of ketamine is to identify the active substance(s) that can be detected in the blood following injection of ketamine. Because ketamine is a racemic mixture of (*R*)-ketamine and (*S*)-ketamine, and is rapidly  and stereoselectively metabolized into several metabolites \[[@r9]-[@r11]\], research has been conducted to evaluate the antidepressant potential of each of the stereoisomers and metabolites. Interestingly, recent evidence has suggested that, in addition to (*S*)-ketamine, which has been considered to be the active component of ketamine exerting anti- depressant effects \[[@r12], [@r13]\], (*R*)-ketamine and metabolites of ketamine may also exhibit antidepressant effects without having the unwanted side effects of ketamine and (*S*)-ketamine \[[@r14], [@r15]\]. Other approaches to identify agents having a similar efficacy profile to ketamine, but with a better safety profile, are to focus on agents acting at different sites of the *N*-methyl-D-aspartate (NMDA) receptor from ketamine, based on the assumption that ketamine exerts its antidepressant effects by blocking the NMDA receptor, or to focus on other agents acting within the glutamatergic system \[[@r7], [@r16]\]. In particular, agents acting on the glycine modulatory site of the NMDA receptor, represented by GLYX-13, have gained much attention recently \[[@r17], [@r18]\]. These agents have been shown to exert rapid and sustained antidepressant effects, like ketamine, while being devoid of unwanted side effects. Based on these preclinical findings, clinical studies using these agents are on-going, and some encouraging results have been obtained \[[@r19], [@r20]\].

In this review, recent findings of research using the new approaches mentioned above, aimed at developing safer antidepressants than ketamine, will be reviewed, with particular focus on two emerging approaches, namely, identification of active substance(s) after administration of racemic ketamine, and identification of agents acting on the glycine modulatory site of the NMDA receptor. Moreover, brief mention will also be made of agents acting on metabotropic glutamate (mGlu) receptors besides the NMDA receptor, because some of these agents may share the same pathways as ketamine to exert their antidepressant effects.

2.. Antidepressant effects of ketamine (racemic ketamine) and (*S*)-ketamine {#sec2}
============================================================================

The antidepressant effects of ketamine (0.5 mg/kg administered by intravenous (IV) injection over 40 min) was first demonstrated in patients with MDD in 2000 \[[@r6]\]. The antidepressant effects were confirmed in a subsequent study in which a single injection of ketamine (0.5 mg/kg administered IV over 40 min) exerted rapid (\>2 h) and sustained (\~1 week) antidepressant effects in patients with TRD \[[@r8]\]. This rapid antidepressant effect of ketamine is in marked contrast to that of conventional antidepressants, which show significant effects only 4--12 weeks postdose \[[@r21]\]. To date, several studies have replicated the rapid and sustained antidepressant effects of ketamine \[[@r7]\]. In addition to the effects of a single injection, the effects of repeated administration of ketamine have also been tested in subjects with TRD \[[@r22]-[@r24]\]: while no tolerance occurred at least for a short period, some patients developed relapse after the cessation of ketamine administration. Ketamine has also been reported to rapidly reduce suicidal ideation \[[@r25], [@r26]\], suggesting the anti-suicide potential of ketamine. Collectively, discovery of the antidepressant effects of ketamine is regarded as the most outstanding finding in depression research in over 60 years.

Ketamine is a racemic mixture containing equal parts of the (*S*)-ketamine enantiomer and (*R*)-ketamine enantiomer. Of these, (*S*)-ketamine has been regarded as the active stereoisomer due to its higher affinity for the NMDA receptor and greater anesthetic potency than (*R*)-ketamine \[[@r12], [@r13]\]. Indeed, (*S*)-ketamine has a three- to fourfold higher affinity for the NMDA receptor than (*R*)-ketamine \[[@r13]\], and was demonstrated to show antidepressant effects in rodents \[[@r27], [@r28]\]. As expected, (*S*)-ketamine was also confirmed in pilot studies to exert antidepressant effects in patients with depression. A comparative study of IV infusion of racemic ketamine (0.5 mg/kg over 50 min) and (*S*)-ketamine (0.25 mg/kg over 50 min) in two patients with TRD revealed that in one of patients, the antidepressant effects of both became manifest within 1 day, the effects were sustained for more than 3 days, and the depression score (Hamilton Rating Scale for Depression; HAM-D) returned to the pre-treatment level by day 6 \[[@r29]\]. Both patients experienced the psychotomimetic side effects of ketamine following infusion of racemic ketamine, while neither developed these adverse effects following treatment with (*S*)-ketamine, indicating that treatment with (*S*)-ketamine may be associated with a lower risk of development of psychotic and dissociative symptoms. Moreover, IV infusion of (*S*)-ketamine (0.25 mg/kg over 40 min) 6 times over a period of 4 weeks reduced the score on the HAM-D in 5 patients with TRD, the effects appearing within 2 h after each infusion \[[@r30]\]. In contrast to the case in the two patients in the study reported above, in this study, one of the patients developed pronounced dissociative symptoms following treatment with (*S*)-ketamine, which necessitated discontinuation of the drug. Thus, (*S*)-ketamine can also elicit psychotomimetic symptoms, similar to racemic ketamine. Recently, a multicenter, randomized, placebo-controlled trial of IV injection of (*S*)-ketamine (0.2 or 0.4 mg/kg over 40 min) was conducted in 30 patients with TRD \[[@r31]\]. In this study, robust and significant antidepressant effects of (*S*)-ketamine were observed in patients with TRD at as early as 2 h after the injections. In addition, the 3-day response rates to (*S*)-ketamine treatment were reported to be 67% in the 0.2 mg/kg arm and 65% in the 0.4 mg/kg arm. In contrast, the reported responses rates to approved oral combinations of antipsychotics and monoamine-based antidepressants for TRD or inadequately responsive MDD are approximately 37%--56% after treatment for 6--12 weeks \[[@r21]\]. It should be noted that (*S*)-ketamine infusion led to transient dissociative and psychotic symptoms, similar to those occurring in response to administration of racemic ketamine, which subsided within 4 h. Janssen Research & Development, LLC, is currently conducting a clinical trial of intranasal (*S*)-ketamine (esketamine) administration for the treatment of TRD (ClinicalTrials.gov Identifier: NCT01998958, NCT02782104, *etc*.).

Although the neural mechanisms underlying the antidepressant effects of ketamine still remain to be clearly elucidated, recent studies have indicated that ketamine blocks the NMDA receptor, presumably on GABA interneurons, to disinhibit pyramidal neural activity in discrete brain regions, which leads to an increase in glutamate release. Glutamate overflow triggers a series of signaling pathways, including α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) receptor activation, increase in brain-derived neurotrophic factor (BDNF) secretion and mammalian target of rapamycin (mTOR) signaling. Another hypothesis is that ketamine, by blocking the NMDA receptor, inhibits eukaryotic elongation factor 2 kinase, which increases BDNF production. Either pathway eventually results in an increase in synaptic connectivity (Fig. **[1](#F1){ref-type="fig"}**) (for reviews, see \[[@r7], [@r32]\]).

3.. Antidepressant effects of (*R*)-ketamine {#sec3}
============================================

Recently, (*R*)-ketamine, which had until now been considered as a less potent stereoisomer of racemic ketamine, was demonstrated to exert longer-lasting antidepressant effects than (*S*)-ketamine \[[@r14], [@r33]\]. Indeed, in one comparison, (*R*)-ketamine significantly reversed depressive-like behavior at 7 days after administration in neonatal dexamethasone-treated juvenile mice, while (*S*)-ketamine no longer showed its antidepressant effects \[[@r33]\]. Moreover, (*R*)-ketamine exerted more potent antidepressant effects in the chronic social defeat stress model at 6 or 7 days after administration than (*S*)-ketamine, although both compounds showed still significant effects \[[@r14]\]. In a learned helplessness model, (*R*)-ketamine, but not (*S*)-ketamine, showed antidepressant effects at 5 days after administration \[[@r14]\]. In the forced swimming test, learned helplessness test and novelty-suppressed feeding test, (*R*)-ketamine showed more potent antidepressant effects than (*S*)-ketamine \[[@r15]\]. Taken together, these results suggest that (*R*)-ketamine may have more potent and longer-lasting antidepressant effects than (*S*)-ketamine in some animal models, and that (*R*)-ketamine may be the more active stereoisomer of racemic ketamine in terms of the antidepressant effects.

Although the neural mechanisms underlying the antidepressant effects of (*R*)-ketamine are yet to be fully clarified, it is unlikely that NMDA receptor blockade alone is involved. First, (*R*)-ketamine has been reported to have a three- to fourfold lower affinity for the NMDA receptor than (*S*)-ketamine \[[@r13]\]. Second, a non-competitive NMDA receptor antagonist, MK-801, showed antidepressant effects at 2 and 4 days, but not at 7 days after administration in the chronic social defeat stress model, while the effect of (*R*)-ketamine lasted for at least a week in the same model, indicating that the antidepressant effects of MK-801 were shorter-lasting than those of (*R*)-ketamine \[[@r34]\]. Lastly, in the same model, IV injection of GLYX-13, a partial agonist of the NMDA receptor glycine modulatory site, elicited shorter-lasting antidepressant effects than IV injection of (*R*)-ketamine \[[@r35]\]: the antidepressant effects of GLYX-13 were observed until 5 days, but not at 7 days after administration \[[@r35]\]. Therefore, although different interactions with NMDA receptor by these agents have to be taken into account, the shorter-lasting antidepressant effects of (*S*)-ketamine, MK-801 and GLYX-13, might suggest that the longer-lasting antidepressant effects of (*R*)-ketamine may be mediated by mechanisms other than NMDA receptor blockade alone. Nonetheless, (*R*)-ketamine, like (*S*)-ketamine, has been reported to increase the dendritic spine density as well as synthesis of synaptic protein and BDNF in the prefrontal cortex (PFC) and hippocampus, and the antidepressant effects of (*R*)-ketamine are mediated through AMPA receptor stimulation \[[@r14]\]. Therefore, although the pathway by which (*R*)-ketamine stimulates AMPA receptor transmission still needs to be elucidated, the actions of both (*R*)-ketamine and (*S*)-ketamine may converge at AMPA receptor stimulation, and both change the synaptic plasticity to exert antidepressant effects (Fig. **[1](#F1){ref-type="fig"}**).

A recent report has suggested that a metabolite of (*R*)-ketamine, (*2R*,*6R*)-hydroxynorketamine (HNK), is responsible for the antidepressant effects of racemic ketamine, because inhibition of the metabolism of racemic ketamine abolished its antidepressant effects, and (*2R*,*6R*)-HNK itself was shown to exert long-lasting antidepressant effects \[[@r15]\]. However, (*R*)-ketamine has been reported to show long-lasting antidepressant effects in the learned helplessness model after it is locally injected into the medial PFC (mPFC) and hippocampal nuclei \[[@r36]\]. Therefore, (*R*)-ketamine itself is an active substance, and the roles of its metabolites need to be investigated in further detail.

Interestingly, (*R*)-ketamine has been reported to be devoid of the drawbacks of racemic ketamine, such as psychotomimetic-like behaviors, abuse potential and neurotoxicity demonstrated in rodents \[[@r14]\]. The reduced abuse potential associated with (*R*)-ketamine may be corroborated by the recent report that (*R*)-ketamine administration did not affect \[^11^H\]raclopride binding in the monkey striatum \[[@r37]\], which suggests that (*R*)-ketamine may not affect dopamine release. More importantly, even after repeated intermittent administration (once weekly x 8 weeks), (*R*)-ketamine did not induce neurotoxicity, such as reduction of the paralbumin (PV)-positive GABA inter- neurons in the mPFC and hippocampus, while (*S*)-ketamine caused loss of the PV-positive GABA interneurons at a dose that it exerted its antidepressant effects \[[@r38]\]. Therefore, (*R*)-ketamine may be a safer antidepressant than racemic ketamine and (*S*)-ketamine over the long-term. In addition, these results also suggest that the mechanisms underlying the psychotomimetic side effects and antidepressant effects of racemic ketamine may differ, and that it may be possible to develop agents with ketamine-like antidepressant potency, but devoid of the unwanted side effects of ketamine.

4.. Antidepressant effects of the meta- bolites of ketamine {#sec4}
===========================================================

Ketamine is extensively metabolized by multiple human hepatic cytochrome P450 enzyme isoforms, with a resultant plasma elimination half-life of the drug of 1-3 h in humans \[[@r39]\]. Ketamine is stereoselectively biotransformed into a broad array of metabolites \[[@r40]\], including the major N-demethylated metabolite, norketamine, two diastereomeric hydroxyketamines, a series of six diastereomeric HNKs, and dehydronorketamine \[[@r9]-[@r11]\] (Fig. **[2](#F2){ref-type="fig"}**).

It has been suggested that the metabolites of ketamine may also play some roles in the antidepressant effects of ketamine. Among the metabolites of ketamine, both norketamine and HNK have been demonstrated to show antidepressant potential. Indeed, in addition to the major metabolite, norketamine, four of the six HNKs mentioned above were detected in the plasma of MDD patients following ketamine infusion, with (*2S*,*6S*;*2R*,*6R*)-HNK being the predominantly detected HNK among them \[[@r41]\]. Norketamine has been suggested to be an active metabolite of ketamine, because it has been shown to exert an anesthetic effect and to increase locomotor activity, presumably caused by NMDA receptor blockade (racemic norketamine has been reported to have an approximately 7-fold lower affinity for the NMDA receptor than racemic ketamine) \[[@r42]\]. Indeed, norketamine has been reported to exert acute antidepressant effects in the forced swimming test at a lower potency than ketamine, which is in line with its lower NMDA receptor antagonist potency than that of ketamine \[[@r43]\]. It must be noted that in one reported study, while the antidepressant effects of norketamine were not observed at 3 and 7 days after administration \[[@r43]\], ketamine also did not show sustained antidepressant effects; thus, the sustained antidepressant effects of norketamine need to be investigated in greater detail. Moreover, stereoisomers of norketamine have not been reported to show antidepressant effects.

A recent report has suggested that in addition to norketamine, HNKs may also be involved in the anti- depressant effects of ketamine \[[@r15]\], although the HNKs have not been demonstrated to show any anesthetic effects in rats \[[@r44]\]. First, deuterated ketamine at the C6 position (6,6-dideuteroketamine), to prevent ketamine metabolism, did not elicit antidepressant effects, which could be associated with the decreased level of (*2S*,*6S*;*2R*,*6R*)-HNK in the brain. It should be noted that 6,6-dideuteroketamine, however, induced locomotor hyperactivity, lending further support to the notion that the neural mechanisms underlying the antidepressant and psychotomimetic symptoms of ketamine may be different. Second, administration of (*2R*,*6R*)-HNK or (*2S*,*6S*)-HNK (although less potent than (*2R*,*6R*)-HNK) elicited antidepressant effects in rodent models, and the effects of (*2R*,*6R*)-HNK were sustained. Therefore, (*2R*,*6R*)-HNK may be responsible for the antidepressant effects of ketamine. Importantly, (*2R*,*6R*)-HNK, unlike ketamine, did not elicit psychotomimetic-like behaviors or show abuse potential in rodents. Although the mechanisms underlying the antidepressant effects of (*2R*,*6R*)-HNK remain to be fully investigated, mechanisms other than NMDA receptor blockade may be involved, as (*2R*,*6R*)-HNK has little affinity for the NMDA receptor. Nonetheless, as for the case of ketamine, involvement of the AMPA receptor, as the common pathway, has been demonstrated in the antidepressant effects of (*2R*,*6R*)-HNK, and (*2R*,*6R*)-HNK increased the expressions of GluA1 and GluA2 in the hippocampus, but not in the PFC. Therefore, increase of the AMPA receptor throughput in the hippocampus may be involved in both acute and sustained antidepressant effects of (*2R*,*6R*)-HNK, although ketamine and (*2R*,*6R*)-HNK may stimulate AMPA receptor signaling *via* different pathways (Fig. **[1](#F1){ref-type="fig"}**). In addition to AMPA receptor stimulation, the roles of blockade of the nicotinic α7 receptor, and subsequent inhibition of serine racemase in the antidepressant actions of HNK have also been proposed \[[@r45], [@r46]\]. However, this mechanism is unlikely, because dehydroxynorketamine, which exerts more potent inhibition of the nicotinic α7 receptor than (*2S*,*6S*)-HNK \[[@r45]\], did not show any antidepressant effects in rodents \[[@r43]\]. Moreover, while the nicotinic α7 receptor inhibition potency of (2*R*,6*R*)-HNK is equivalent to that of (*2S*,*6S*)-HNK \[[@r45]\], the antidepressant potency differs between the two compounds. Furthermore, systemic administration of norketamine or (*2S*,*6S*)-HNK stimulates the phosphorylation of mTOR and its downstream targets in the PFC of rats \[[@r47]\]. However, while norketamine and (*2S*,*6S*)-HNK are more potent stimulators of mTOR phosphorylation than ketamine, antidepressant effects of these compounds are much weaker than those of ketamine. Therefore, this mechanism may not have an important role in the antidepressant effects of the metabolites of ketamine. Of note, (*2R*,*6R*)-HNK has been reported not to increase mTOR phosphorylation in the hippocampus \[[@r15]\].

5.. Antidepressant effects of agents acting on the NMDA receptor {#sec5}
================================================================

The sites of actions of agents acting on the NMDA receptor are illustrated in [Fig. (**3**)](#F3){ref-type="fig"}.

5.1.. Agents Acting on the NMDA Receptor {#sec5.1}
----------------------------------------

To mitigate the unwanted side effects of ketamine, efforts have been made to develop subtype-selective NMDA receptor antagonists, focusing on the GluN2B subtype. The NMDA receptor is a tetramer composed of two GluN1 and two GluN2 subunits, the latter of which can also be further divided into four subunits (GluN2A-GluN2D) \[[@r48]\]. Of these, the GluN2B subunit-containing NMDA receptor is highly expressed in the brain regions implicated in emotion \[[@r48]\], and may represent the extrasynaptic NMDA receptor involved in the reduction of the BDNF gene expression and surface AMPA receptor expression \[[@r49], [@r50]\]. In addition, a selective GluN2B antagonist has been reported to exert rapid and sustained antidepressant effects through the same neural mechanisms as ketamine in rodents \[[@r51]\]. A single IV infusion of CP-101,606 (traxoprodil), a selective GluN2B antagonist, elicited antidepressant effects at a dose that was still not sufficient for eliciting dissociative effects in patients with TRD (30 patients), and the antidepressant effects were sustained for a week \[[@r19]\]. MK-0657, another selective GluN2B antagonist was tested in a small, randomized, double-blind, placebo-controlled, crossover pilot study, and oral administration of MK-0657 showed antidepressant actions in patients with TRD (5 patients) as early as on day 5 \[[@r52]\]. A phase 2 trial of MK-0657 (intermittent administration at 12 or 20 mg) as an adjunctive treatment for patients with MDD is currently being conducted by Cercor under the name CERC-301 (ClinicalTrials.gov Identifier: NCT02459236). Based on preclinical pharmacodynamic and pharmacokinetic studies, it has been hypothesized that chronic administration at 8 mg daily (corresponding to approximately 50% predicted receptor occupancy) in humans would elicit rapid onset of antidepressant activity \[[@r53]\].

Another approach is that NMDA receptor channel blockers with lower receptor trapping potential, ability to block the receptor after initial blocks, may be associated with lower rates of psychotomimetic adverse effects as compared to ketamine \[[@r54]\]. In a randomized, double-blind, placebo-controlled, crossover study, the low-trapping NMDA receptor antagonist lanicemine (AZD6765) administered at a single IV dose of 150 mg exerted rapid, but short-lived antidepressant effects (effects were only observed at 80 and 110 min after the infusion) in 22 patients with TRD, without precipitating psychosis or dissociation \[[@r55], [@r56]\]. In a subsequent larger trial, repeated adjunctive IV infusions (three IV infusions/week for 3 weeks) of lanicemine at two doses (100 and 150 mg) elicited antidepressant effects in patients with TRD at week 2 without any psychotomimetic or dissociative side effects, and the effects lasted for 2 weeks after the cessation of the infusions \[[@r55]\]. In contrast, the clinical efficacy could not be replicated in a recently completed study of adjunctive lanicemine for over 12 weeks (15 infusions at 50 and 100 mg) in the treatment of MDD \[[@r57]\]. It is speculated that the differences in the study outcomes could be attributable to the differences in study design and high response rates to placebo between the two studies.

5.2.. Agents Acting on the Glycine Modulatory Site at the NMDA Receptor {#sec5.2}
-----------------------------------------------------------------------

NMDA receptors have a glycine modulatory site on the GluN1 subunit, where glycine acts as a co-agonist to regulate NMDA receptor activity. Therefore, agents acting on the glycine modulatory site either positively or negatively regulate NMDA receptor functions. GLYX-13 (rapastinel) is an amidated tetrapeptide (threonine-proline-proline-threonine) with functional partial agonist activity for the NMDA receptor glycine modulatory site, which was derived from a hypervariable region cloned and sequenced from the monoclonal antibody B6B21 \[[@r58]\]. GLYX-13, like ketamine, exerted sustained antidepressant effects, lasting for at least 24 h or 7 days in the forced swimming test \[[@r17], [@r18]\]. The effects were sustained for much longer than the half-life of GLYX-13 in rats (plasma half-life of GLYX-13 is 7 min); therefore, as for the case of ketamine, enhanced synapto- genesis may be involved in the actions of GLYX-13. Consistent with this assumption, GLYX-13 increased long-term potentiation and NMDA receptor (GluN2B subunit-containing NMDA receptor) current in the hippocampus at 1 week after administration, and increased the number of mature spines in the hippocampus and mPFC at 24 h after administration \[[@r18]\]. GLYX-13 also increased the cell surface expression of the GluN2B receptor and AMPA receptor \[[@r18]\]. These findings may explain the enhanced synaptic plasticity obtained with GLYX-13. Indeed, the antidepressant effects of GLYX-13 at 1 week after administration were blocked by CPP, an NMDA receptor antagonist, indicating that GluN2B receptor upregulation may be involved in the long-lasting antidepressant effects of GLYX-13. Moreover, as in the case of ketamine, the role of mTOR signaling has also been suggested in the sustained antidepressant effects of GLYX-13 \[[@r59], [@r60]\]. Lending support to this idea, GLYX-13 increased mTOR signaling in the PFC, and local injection of rapamycin, an inhibitor of mTOR signaling, into the mPFC attenuated the sustained antidepressant effects of GLYX-13 \[[@r59]\]. Therefore, enhancement of mTOR signaling and GluN2B receptor-mediated transmission may have important roles in the long-lasting antidepressant effects of GLYX-13, although the relationship between the two signaling still remains unclear. It is noteworthy that the acute anti- depressant effects of GLYX-13 were blocked by an AMPA receptor antagonist \[[@r17], [@r60]\], although the role of the AMPA receptor in the long-lasting effects of GLYX-13 has not yet been directly studied. In contrast to showing ketamine-like antidepressant effects, GLYX-13 did not show the undesirable side effects of ketamine, such as psychotomimetic-like behaviors and abuse potential, in rodents \[[@r17]\]. Although the precise reason still needs to be determined, a recent finding suggests that GLYX-13 may selectively increase thalamo-cortical synapses without affecting cortico-cortical synapses, unlike ketamine, which enhances both thalamo-cortical and cortico-cortical synapses \[[@r59]\]; this may explain the lack of the psychotomimetic side effects of GLYX-13. In accordance with preclinical results, a randomized, double-blinded, placebo-controlled study in 116 subjects with MDD who had failed to respond to conventional antidepressants revealed that a single IV dose of GLYX-13 reduced the depressive symptoms within 2 h, and that the effects lasted for a week after a single injection \[[@r20]\]. A clinical trial of GLYX-13 for patients with TRD is currently on-going (ClinicalTrials.gov identifier: NCT01684163, NCT02192099, *etc*.). Of note, very recently, GLYX-13 has been reported to exhibit co-agonist properties at the NMDA receptor independent of the glycine modulatory sites \[[@r61]\], and now they claimed GLYX-13 as an NMDA receptor modulator. Moreover, although GLYX-13 has functional partial agonist activity for the NMDA receptor, it could behave as an antagonist, depending on the NMDA receptor activity, and it is not known which activity is involved in the actions of GLYX-13.

The antidepressant efficacy of agents blocking the glycine modulatory site of the NMDA receptor was demonstrated with 7-chlorokynurenic acid (7-CTKA), an NMDA receptor antagonist acting at the glycine modulatory site of the receptor \[[@r62]\]. 7-CTKA showed acute antidepressant effects in some animal models \[[@r63]\]. Moreover, in a chronic mild stress model in which repeated administration of traditional antidepressants is required to elicit antidepressant effects, 7-CTKA exerted antidepressant effects at 24 h after a single administration, which was sustained for 7 days, similar to ketamine \[[@r63]\]. 7-CTKA reversed reduction of GSK3β phosphorylation, phosphorylation of mTOR signaling molecules and synaptic protein level induced by chronic mild stress in the mPFC, but not in the hippocampus, which was lent further support by the finding that local injection of 7-CTKA into the mPFC elicited antidepressant effects \[[@r63]\]. Moreover, the antidepressant effects of 7-CTKA were abrogated by local injection of LY294002 (a GSK3β activator) or rapamycin (an mTOR inhibitor) into the mPFC \[[@r63]\], indicating that like for the case of ketamine, the GSK3β-mTOR pathway in the mPFC may be involved in the antidepressant effects of 7-CTKA. In addition, phar- macological studies using respective inhibitors and miRNA analysis have revealed that the antidepressant effects of 7-CTKA may also be mediated by BDNF-extracellular signal-regulated kinases/AKT pathways \[[@r64]\]. These effects (reversal of depressive-like behaviors and reduced synaptic plasticity induced by chronic mild stress) following repeated treatment with 7-CTKA were observed without any associated toxicological changes \[[@r65]\]. To enhance brain penetration, 4-chlorokynurenine, which readily enters the brain after systemic administration and is then converted to 7-CTKA within the astrocytes by kynurenine aminotransferase \[[@r66]\], was synthesized. 4-Chlorokynurenine exhibited antidepressant effects in animal models that lasted for 24 h or 7 days after systemic administration \[[@r67]\]. In addition, like for the case of ketamine, AMPA receptor stimulation was also demonstrated to mediate the antidepressant effects of 4-chlorokynurenine \[[@r67]\]. In contrast to ketamine, however, treatment with  7-CTKA or 4-chlorokynurenine was not associated with  the manifestation of psychotomimetic-like behaviors or abuse potential in rodents \[[@r63], [@r67]\]. A clinical trial of  4-chlorokynurenine (AV-101) for patients with MDD is currently on-going (ClinicalTrials.gov identifier: NCT02484456).

In addition to direct regulation of the glycine modulatory site, indirect regulation of the glycine modulatory site by increasing the synaptic glycine levels through inhibition of glycine transporter 1 (GlyT1) may also be an effective approach to regulate the NMDA receptor functions. Sarcosine, a GlyT1 inhibitor, has been reported to exert antidepressant effects in both rodents and humans. Indeed, sarcosine showed antidepressant effects in some conventional animal models of depression after acute treatment as well as reversed depressive-like behaviors after chronic treatment for 3 weeks \[[@r68]\]. Sarcosine increases the synaptic levels of glycine, a co-agonist of the NMDA receptor, by blocking GlyT1, leading to NMDA receptor activation. Although this effect is in contrast to that of ketamine, an NMDA receptor antagonist, sarcosine has also been reported to exert acute antidepressant effects through AMPA receptor-mTOR signaling \[[@r69]\]. However, sarcosine has been assumed to increase AMPA receptor signaling by a pathway different from ketamine, that is, by increasing GluR1 phosphorylation at its protein kinase A site, leading to increase in membrane insertion of the AMPA receptor in the hippocampus \[[@r69]\]. In contrast, the same group reported that AMPA receptor-mTOR signaling in the hippocampus may not be involved in the antidepressant of sarcosine following chronic treatment for 3 weeks, because long-term treatment with sarcosine elicited no antidepressant effects in naive rats despite increased mTOR activation and AMPA receptor membrane insertion \[[@r70]\]. A proof-of-concept clinical trial was performed, which consist of a 6-week, randomized, double-blind flexible dose study in 40 patients with MDD, to test the hypothesis that sarcosine induces a "more rapid and robust response" than citalopram (used as a positive control) \[[@r68]\]; in this study, sarcosine was significantly more effective than citalopram. After 2 weeks, sarcosine was superior to citalopram by approximately 5 points on the HAM-D score. By week 4, 40% of sarcosine-treated patients met remission criteria, and by week 6, 65% of the patients were in remission, while the remission rates in the patients treated with citalopram at week 4 and 6 were 0 and 5%, respectively.

The putative neural mechanisms underlying the anti- depressant effects of the aforementioned agents acting on the glycine modulatory site on the NMDA receptor are illustrated in [Fig. (**4**)](#F4){ref-type="fig"}.

6.. Antidepressant effects of agents acting on the metabotropic glutamate receptors {#sec6}
===================================================================================

Metabotropic glutamate (mGlu) receptors have an important role in regulating glutamatergic transmission and have been implicated in the expression of moods and emotions \[[@r71]\]. Thus, mGlu receptors, consisting 8 subtypes (mGlu1 -- mGlu8), have been investigated as attractive targets for the development of drugs to treat psychiatric disorders. Among the mGlu receptors, mGlu2/3, mGlu5 and mGlu7 receptors are of interest as targets for the development of antidepressants. In particular, mGlu2/3 receptor antagonists have been reported to show similar antidepressant effects, with similar underlying neural mechanisms, to ketamine, which raises the possibility that mGlu2/3 receptor antagonists may be developed as suitable alternatives to ketamine for the treatment of depression. Like ketamine, mGlu2/3 receptor antagonists, such as MGS0039 and LY341495, have been demonstrated to show antidepressant effects in rodents \[[@r72], [@r73]\] through AMPA receptor stimulation \[[@r74], [@r75]\] and subsequent increase in BDNF/TrkB signaling \[[@r76]\] and mTOR signaling \[[@r77]\]. Moreover, like ketamine, mGlu2/3 receptor antagonists exerted rapid antidepressant effects lasting for more than a week in both the chronic social defeat stress model \[[@r78]\] and chronic unpredictable stress model \[[@r79]\]. Interestingly, in the chronic social defeat stress model, reversal of depressive-like behaviors by an mGlu2/3 receptor antagonist coincided with reversal of reduction of BDNF/TrkB signaling, synaptic protein synthesis and dendritic spine density in the PFC and hippocampus \[[@r78]\]. In addition, an mGlu2/3 receptor antagonist increased phosphorylation of mTOR signaling and synaptic protein synthesis in the mPFC \[[@r80]\]. Therefore, like the case for ketamine, the rapid and sustained antidepressant effects of mGlu2/3 receptor antagonists may be mediated through stimulation of the processes involved in synaptogenesis, including synaptic protein synthesis and enhanced density of the spine synapses *via* mTOR cascade activation (Fig. **[5](#F5){ref-type="fig"}**). It is noteworthy that an mGlu2/3 receptor antagonist exhibited antidepressant efficacy in an animal model of depression that was refractory to current medications \[[@r81], [@r82]\]. Moreover, it has been reported that LY341495 enhanced antidepressant effects of ketamine \[[@r83]\], raising possibility that mGlu2/3 receptor antagonists may mitigate side effects of ketamine by allowing its doses to be reduced. Recently, a 6-week randomized, double-blind, placebo-controlled study was conducted to examine antidepressant potency of RG1578, a negative allosteric modulator (NAM) of the mGlu2/3 receptor as an adjunctive treatment for MDD patients showing inadequate response to SSRIs or SNRIs; however, no significant antidepressant efficacy of RG1578 as adjunctive treatment was obtained in this study \[[@r84]\]. It should be noted that the antidepressant potential of orthosteric mGlu2/3 receptor antagonists may differ from that of mGlu2/3 receptor NAMs \[[@r85]\], which needs to be examined in future clinical studies.

Other mGlu receptor ligands, such as mGlu5 receptor antagonists and an mGlu7 receptor positive allosteric potentiator (PAM), have been reported to exhibit antidepressant effects in several animal models \[[@r86]\], although it would appear that the neural mechanisms underlying the antidepressant potential differ between these agents and ketamine. MTEP, an mGlu5 receptor antagonist, failed to show sustained antidepressant effects in the forced swimming test (at 23 h after administration) \[[@r87]\], while MPEP, another mGlu5 receptor antagonist, showed sustained antidepressant effects in a novelty-suppressed feeding test \[[@r88]\]. The antidepressant effects (either rapid or sustained) of the mGlu5 receptor antagonists were not attenuated by an AMPA receptor antagonist, TrkB inhibitor or mTOR inhibitor in either study. Moreover, the mGlu5 receptor antagonist did not increase synaptic protein synthesis or phosphorylation of mTOR signaling molecules in the PFC \[[@r87]\]. Therefore, unlike ketamine and mGlu2/3 receptor antagonists, the antidepressant effects of mGlu5 receptor antagonists may be short-lasting and not dependent on increased synaptogenesis. In one double-blind, randomized controlled trial in which basimglurant, an mGlu5 receptor antagonist, was administered as an adjunctive treat- ment to ongoing SSRI or SNRI treatment, an antidepressant effect was observed in patients with MDD, as evaluated by secondary and exploratory endpoints (patient-rated Montgomery-Asberg Depression Scale (MADRS), Quick Inventory of Depressive Symptomatology-Self-Report), although the effect did not reach statistical significance when clinician-rated MADRS was used to assess the primary endpoint \[[@r89]\]. Therefore, it is still questionable as to whether mGlu5 receptor antagonists exert as potent antidepressant effects as ketamine. Moreover, like mGlu5 receptor antagonists, AMN082, an mGlu7 receptor agoPAM, was reported to show rapid, but not sustained antidepressant effects \[[@r87]\]. However, in contrast to the mechanisms involved in the actions of the mGlu5 receptor antagonists, the rapid antidepressant effects of AMN082 were mediated through mTOR signaling, because the effect of AMN082 was abolished by rapamycin, and AMN082 increased phosphorylation of mTOR signaling molecules in the PFC \[[@r87]\]. Thus, the neural mechanisms underlying the rapid antidepressant effects of mGlu7 receptor agonists may resemble those of ketamine. However, it should be noted that while in the aforementioned study, the antidepressant effects of AMN082 were not abrogated by an AMPA receptor antagonist, another study indicated AMPA receptor dependence of the antidepressant effects of AMN082 \[[@r90]\]. In any case, mGlu7 receptor agoPAMs do not have sustained antidepressant effects, indicating that the neural mechanisms underlying the antidepressant effects of the mGlu7 receptor agoPAM may differ from those of ketamine. The antidepressant actions and their underlying mechanisms of other mGlu7 receptor agonists or PAMs should be examined further in future studies, considering possible non-specific actions of AMN082 *in vivo* \[[@r91]\].

7.. Conclusions and future directions {#sec7}
=====================================

Discovery of the antidepressant effects of ketamine has triggered numerous research efforts to understand the mechanisms underlying these effects of ketamine, aimed especially at finding equally potent yet safer antidepressants than ketamine. These research activities have led to the identification of several promising drug candidates that exert rapid and sustained antidepressant effects similar to those of ketamine, but are devoid of the latter's undesirable. In contrast, these research activities have also raised important, yet unanswered questions in relation to the development of better treatments for depression. These include identification of active substance(s) responsible for the antidepressant effects of ketamine after ketamine administration. Moreover, the synaptic and neural mechanisms underlying antidepressant effects of ketamine still remain to be elucidated. The following issues that have emerged from recent progress in research on ketamine still need to be clarified.

7.1.. Active Substance(s) Detected in the Blood after Ketamine Administration {#sec7.1}
-----------------------------------------------------------------------------

Although (*S*)-ketamine has long been considered to be the active stereoisomer based on its affinity for the NMDA receptor and anesthetic actions, and indeed its rapid anti- depressant effects demonstrated in patients with TRD \[[@r31]\], recent studies have suggested that (*R*)-ketamine is also an active stereoisomer, at least in rodents \[[@r14], [@r33]\]. Interestingly and unexpectedly, (*R*)-ketamine exerted longer-lasting and more potent antidepressant effects than (*S*)-ketamine. Very recently, we also confirmed that (*R*)-ketamine exerted longer-lasting antidepressant effects in rodents than (*S*)-ketamine \[[@r92]\]. Although we have to wait to draw any conclusions until the antidepressant effects of (*R*)-ketamine are confirmed in patients with depression, it is possible that both (*S*)-ketamine and (*R*)-ketamine exhibit antidepressant effects, and (*R*)-ketamine may have a more important role in the sustained antidepressant effects of ketamine. Moreover, given that (*S*)-ketamine and (*R*)-ketamine show different affinities for the NMDA receptor, the neural mechanisms underlying the antidepressant effects of the two compounds may differ. Yet, on the basis of the findings obtained to date, increase in synaptogenesis triggered by AMPA receptor stimulation appears to be shared by both compounds in  that (*R*)-ketamine has more potent actions than (*S*)-ketamine \[[@r14]\], consistent with the duration of the effects in behavioral tests.

Another important question is the roles of metabolites in the antidepressant effects of ketamine. Because ketamine is rapidly and stereoselectively metabolized after administration, involvement of metabolites in the long-lasting antidepressant effects of ketamine has been speculated. Indeed, anti- depressant effects of some of the metabolites, which can be detected in reasonable amounts in the human plasma after administration of ketamine, have been reported in animal models \[[@r15], [@r43]\]. In particular, (*2R*,*6R*)-HNK has recently been identified as one of the active substances after ketamine administration, because the antidepressant effects of ketamine were no longer observed following inhibition of degradation of ketamine to (2*S*,6*S*; *2R*,*6R*)-HNK, and the antidepressant effects of (2*R*,6*R*)-HNK are much more potent than those of (2*S*,6*S*)-HNK \[[@r15]\]. However, it is hardly conceivable that (*2R*,*6R*)-HNK is solely responsible for the actions of ketamine, because (*2R*,*6R*)-HNK is transformed from only (*R*)-ketamine, and (*S*)-ketamine also did show antidepressant effects in patients with TRD. To date, reports on the antidepressant activities of (*R*)-ketamine and its metabolites are limited, and these results have been reported from restricted laboratories. Therefore, more extensive research across laboratories is needed to identify the active components/metabolites of ketamine. Moreover, the anti- depressant potencies of racemic ketamine, (*S*)-ketamine,  (*R*)-ketamine and their metabolites should be compared in the same animal models under the same conditions, with a thorough understanding of the pharmacokinetic profiles of each metabolite, including its brain exposure. It should be noted that very recently, we demonstrated that antidepressant effects of (*2R*,*6R*)-HNK is much weaker than those of (*R*)-ketamine in rodent models \[[@r93]\]. Therefore, roles of (*2R*,*6R*)-HNK in the antidepressant effects of ketamine would be questionable.

7.2.. Role of NMDA Receptor Blockade in the Antidepressant Effects of Ketamine {#sec7.2}
------------------------------------------------------------------------------

The above studies have also raised the possibility that NMDA receptor blockade may not be the sole mechanism involved in the antidepressant actions of ketamine, because (*R*)-ketamine has a lower affinity for the NMDA receptor (Ki value for inhibition of \[^3^H\]MK-801 binding= 1.4 μM) than (*S*)-ketamine (Ki value for inhibition of \[^3^H\]MK-801 binding= 0.3 μM) \[[@r42]\], and (*2R*,*6R*)-HNK show very weak activity \[[@r15]\]. These findings suggest that neural mechanisms other than NMDA receptor blockade may be involved. As described in the text above, Dr. Hashimoto's group recently conducted direct comparison studies between (*R*)-ketamine and agents acting on the NMDA receptors, such as MK-801 and GLYX-13, and clearly showed that (*R*)-ketamine had more sustained antidepressant effects than these agents in the chronic social defeat stress model \[[@r34], [@r35]\]. In contrast, agents acting on NMDA receptor, including GLYX-13  and GluN2B antagonists, exerted ketamine-like rapid antidepressant effects in patients with TRD \[[@r20]\], indicating that NMDA receptor blockade did have an important role in eliciting the antidepressant effects of these compounds. It is necessary to examine whether sustained antidepressant effects of ketamine can be preserved in a genetically manipulated model with deletion of the NMDA receptor subunit gene in certain cell populations. In addition, it is necessary to examine whether agents having low or no activity on the NMDA receptor, including (*R*)-ketamine and (*2R*,*6R*)-HNK, may also have as potent and long-lasting effects as ketamine in patients with MDD.

Another question to be solved would be contradictory results of agents acting on the glycine modulatory sites at the NMDA receptor. Indeed, both stimulation and inhibition of the glycine modulatory sites have been reported to lead antidepressant effects. In any case, AMPA receptor stimulation has been reported to be involved in the antidepressant effects of agents acting on the glycine modulatory sites. Therefore, they may activate the AMPA receptor in different manners, yet, eventually lead to antidepressant effects, as depicted in [Fig. (**4**)](#F4){ref-type="fig"}, although studies on how these agents stimulate AMPA receptor need to be investigated in further detail.

Nonetheless, several reports have suggested the roles of mechanisms other than NMDA receptor blockade, as pointed out in a review article \[[@r94]\]. Because NMDA receptor blockade may also be involved in the undesirable side effects of ketamine, in particular, transient psychotomimetic/ dissociative symptoms, it would be of interest to search for NMDA receptor blockade-independent mechanisms during the search for safer antidepressants. Recent studies using several ketamine-like agents with sustained antidepressant actions have pointed to a shared mechanism, namely, increased synaptogenesis in discrete brain regions such as the mPFC or hippocampus triggered by AMPA receptor stimulation. In this regard, mGlu2/3 receptor antagonists are of interest, because they showed similar efficacy, with involvement of the same neural mechanism, in rodent models, even though they do not act on the NMDA receptor. Moreover, negative allosteric modulators of GABA GABA~A~ receptors containing α5 subunits are of interest, because they have been reported to exert similar rapid and sustained antidepressant effects in rodents *via* increased excitatory synaptic strength \[[@r95]\].

Elucidation of above mentioned issues may provide sufficient insight to identify safer means to stimulate the pathway that is responsible for the rapid and sustained antidepressant effects of ketamine, and to ultimately develop safer antidepressants with the same antidepressant potency as ketamine, but without the undesirable effects.
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![**Proposed mechanisms of actions of ketamine, its stereoisomers and their metabolites.** Ketamine, its stereoisomers and its metabolites (norketamine and hydroxynorketamine) show different affinity for the NMDA receptor. Both racemic ketamine and (*S*)-ketamine have been proposed to exert antidepressant effects through blockade of the NMDA receptor, presumably on the GABA interneurons, followed by stimulation of the AMPA receptor. Both (*R*)-ketamine and HNKs show lower or very weak affinity for the NMDA receptor; therefore, it would appear that they stimulate the AMPA receptor through mechanisms other than NMDA receptor blockade. In any case, AMPA receptor stimulation leads to increase in synaptogenesis *via* BDNF/TrkB signaling, to exert rapid and sustained antidepressant activity. HNK: hydroxynorketamine.](CN-15-963_F1){#F1}

![**Proposed metabolic pathways of racemic ketamine.** Racemic ketamine is stereoselectively metabolized into various metabolites by multiple cytochrome P450 enzymes. Among these, ketamine, norketamine, (*2S*,*6S*;*2R*,*6R*)-HNK and their stereoisomers have been proposed to have antidepressant effects. DHNK: dehydroxynorketamine, HK: hydroxyketamine, HNK: hydroxynorketamine.](CN-15-963_F2){#F2}

![**Sites of actions of agents acting on the NMDA receptor.** NMDA receptors are tetramers composed of two GluN1 and two GluN2 subunits (GluN2A-GluN2D). Of these, it has been suggested that agents which selectively block the GluN2B subunit-containing NMDA receptor would be devoid of the side effects of ketamine. Similarly, despite acting on the same site of the NMDA receptor channel pore as ketamine, low trapping antagonists such as lanicemine may reduce the side effects of ketamine. Moreover, the NMDA receptor has a glycine modulatory site on GluN1, and agents acting on the glycine modulatory site may also be devoid of the side effects of ketamine. Despite the different sites of actions, these agents have been reported to mediate AMPA receptor stimulation to exert antidepressant effects.](CN-15-963_F3){#F3}

![**Proposed mechanisms of actions of agents acting at the glycine modulatory site on NMDA receptor.** Sarcosine, GLYX-13 and 7-CTKA, either directly or indirectly, act at the glycine modulatory site as an agonist, partial agonist and antagonist, respectively. Sarcosine indirectly stimulates the glycine modulatory site by increasing synaptic glycine level *via* inhibiting glycine transporter 1. Both GLYX-13 and 7-CTKA stimulate the AMPA receptor, although precise mechanisms underlying stimulation of AMPA receptor activity have not been elucidated. While sarcosine indirectly stimulates the glycine modulatory site, it also stimulates transmission at the AMPA receptor, presumably *via* inducing membrane translocation of GluR1. Therefore, these three agents, despite acting on the glycine modulatory site *via* different mechanisms, converge at increasing AMPA receptor stimulation to exert antidepressant effects. Of note, very recently, GLYX-13 has been reported to exhibit co-agonist properties at the NMDA receptor independent of the glycine modulatory sites \[[@r61]\], and now they claimed GLYX-13 as an NMDA receptor modulator. 7-CTKA: 7-chlorokynurenic acid.](CN-15-963_F4){#F4}

![**Shared neural mechanisms of mGlu2/3 receptor antagonists and ketamine.** The mGlu2/3 receptor antagonists increase glutamate release through blockade of the autoreceptor expressed at the glutamatergic terminals, while ketamine increases glutamate release, presumably by causing disinhibition of the pyramidal neurons *via* blockade of the NMDA receptor on the GABA interneurons. Increased glutamate release then stimulates the postsynaptic AMPA receptor, leading to BDNF/TrkB and mTOR signaling in the mPFC, eventually resulting in increased synaptogenesis.](CN-15-963_F5){#F5}
